ABSTRACT Transposable elements (TEs) represent $45% of the human genome and 50-90% of some grass genomes. While most elements contain inactivating mutations, others are reversibly inactivated (silenced) by epigenetic mechanisms, including cytosine methylation. Previous studies have shown that retrotransposons can influence the expression of adjacent host genes. In this study, the methylation patterns of TEs and their flanking sequences in different tissues were undertaken using a novel technique called transposon methylation display (TMD). TMD was successfully applied on a highly copied ($1000 copies), newly amplified LTR retrotransposon family in rice called Dasheng. We determined that the methylation status of a subset of LTRs varies in leaves vs. roots. In addition, we determined that tissuespecific LTR methylation correlated with tissue-specific expression of the flanking rice gene. Genes showing tissue-specific expression were in opposite orientation relative to the LTR. Antisense transcripts were detected in the tissue where the sense transcripts from that gene were not detected. Comparative analysis of Dasheng LTR methylation in the two subspecies, japonica vs. indica revealed LTR-mediated differences in subspecies gene expression. Subspecies-specific expression was due either to polymorphic Dasheng insertion sites between the two subspecies or to subspecies-specific methylation of LTRs at the same locus accounted for observed differences in the expression of adjacent genes.
T RANSPOSABLE elements (TEs) are mobile DNA sequences that have the ability to ''jump'' to new locations in the genome. They are divided into two classes. Class I retrotransposons, or retroelements, move to a new genomic location via an RNA intermediate that is reverse-transcribed into an extrachromosomal cDNA that then integrates into a new location (Finnegan 1989) . There are two types of retrotransposons: LTR retrotransposons, flanked by long terminal repeats (LTRs) that include the promoter and terminator regions and non-LTR elements (such as long interspersed nuclear elements, (LINEs) and short interspersed nuclear elements, (SINEs) that use an internal promoter or are transcribed from a flanking gene's promoter. Transcription of LTR retrotransposons initiates from a promoter in the 59 LTR and terminates in the 39 LTR. However, because the 59 and 39 LTRs are identical upon insertion, transcripts can initiate from the promoter in the 39 LTR and read out into flanking host sequences. In addition, transcripts can read out from solo LTRs, which are produced by homologous recombination between LTRs. The replicative mode of transposition of retroelements allows them to reach a high copy number (up to 1 million copies). In some plants they represent up to 80% of the genome (Bennetzen and Kellogg 1997; Feschotte et al. 2002) . On the other hand, class II elements, also called DNA elements or transposons, move directly by a cut and paste mechanism (Finnegan 1989) .
Plants protect their genes by targeting TEs for methylation (Kumar and Bennetzen 1999; Zilberman and Henikoff 2004) . As such, TEs in plant genomes are hypermethylated in comparison with host genes and are said to be epigenetically silenced (Bennetzen et al. 1994; Flavell 1994; Martienssen 1998; Rabinowicz et al. 2003; Khodosevich et al. 2004; Okahara et al. 2004; Lavie et al. 2005) . Inactive TEs in plants are often heavily methylated (Bennetzen et al. 1994; Flavell 1994; Martienssen 1998 ) and can be reactivated in genetic backgrounds containing methylation-defective mutants or during tissue culture (Miura et al. 2001; Singer et al. 2001) . For example, in Arabidopsis thaliana, a higher frequency of mutation in genetic backgrounds containing methylation-defective mutations, such as ddm1, has been associated with the transcriptional activation of endogenous TEs and the subsequent insertion of a member of at least one TE family into Arabidopsis genes (Miura et al. 2001; Singer et al. 2001) . Moreover, methylation patterns of retroelements have been shown to change in a tissue-specific manner, such as the human endogenous retrovirus family K (HERV-K) (Khodosevich et al. 2004) . In some plant species, methylation patterns also change dramatically during the formation of polyploids (Shaked et al. 2001; Madlung et al. 2002) . In newly synthesized wheat polyploids, several cases of genomewide methylation changes have been documented where retrotransposons were found to be demethylated (Shaked et al. 2001) . In the early stages after TE amplification, readout transcription from LTRs can impact the expression of dozens of host genes (Kashkush et al. 2003) . In addition, the spectrum of affected genes depends on the methylation status of the LTRs, which can vary from generation to generation and/or in different subspecies. In addition, DNA methylation patterns were shown to change during the life of an organism (Finnegan 1989; Jaenisch and Bird 2003) .
Our hypothesis is that unmethylated LTRs adjacent to host genes might impact host gene expression. Here, the methylation patterns of TEs and their flanking sequences were undertaken using transposon methylation display (TMD). TMD was applied to various diploid and polyploid rice species. A newly amplified LTR retrotransposon family called Dasheng with its $1000 insertions in the rice genome ( Jiang et al. 2002a,b) was the focus of this study. The impact of Dasheng insertions on the expression of rice genes has been assessed by identifying Dasheng elements located near or into genes, then assaying LTR methylation status of these elements and the nearby gene expression. Furthermore, the availability of sequence drafts for japonica and indica permitted the identification of polymorphic Dasheng insertion sites in the two subspecies and facilitated the design of experiments to determine if the presence/ absence of Dasheng led to differential flanking gene expression. Our data indicate that tissue-specific LTR methylation inversely correlated with the expression of adjacent genes. In addition, we show that TEs can be responsible in part for the gene expression differences between subspecies.
MATERIALS AND METHODS
Plant material: Six diploid Oryza species: sativa ssp. japonica (genome AA), sativa ssp. indica (genome AA), nivara (genome AA), punctata (genome BB), eichingeri (genome CC), officinails (genome CC), and a tetraploid Oryza african (genome BBCC) were used in this study. Seed was supplied by National Small Grains Collection, United States Department of Agriculture (USDA) (http:/ /www.ars-grin.gov/npgs/). For DNA and RNA extractions, roots and leaves were collected from seedlings 2 weeks after germination.
DNA analysis: TMD: This technique utilizes two methylation-sensitive enzymes HpaII and MspI that both recognize CCGG sites. While HpaII is sensitive to methylation of either cytosine (except when the external cytosine is hemi-methylated), MspI is sensitive only when the external cytosine is methylated. Methylation of CCGG will result in different cleavage by the isoschizomers and to the generation of polymorphic PCR fragments. Use of both enzymes insures that all combinations of cytosine methylation will be detected. Genomic DNA was extracted from leaves and roots using DNeasy plant kit (QIAGEN, Valencia CA) and digested (200-300 ng DNA) with either HpaII or MspI. Adapter ligation was carried out as previously described (Shaked et al. 2001) . Preamplification PCR was carried out with a previously described (Shaked et al. 2001 ) primer complementary to the core of the HpaII-MspI (H/M) adapter sequence and with a primer whose 59 end anneals to the Dasheng LTR and whose 39 end primes DNA synthesis toward the adjacent genomic DNA (59-TTTAGGTCTCGTGCGCTACC -39). The 39-LTR primer is located downstream of H/M sites in the LTR (see Figure 1A) . Selective amplification PCR was carried out using the 39-LTR primer and an adapter primer ½with substituting primers any of the 16 (2 4 ) primers with different combinations of the last two nucleotides: 59-ATCATGAGTCCTGCTCGGNN-39. Combinations of adapter primers with different selective bases and a specific 33 P-end-labeled LTR primer were used to amplify different chimeric sequences (LTR/flanking). Reaction products were separated in denaturing 6% polyacrylamide gel (19:1 acrylamide:bisacrylamide, 7.5 m urea and 13 Tris-borate-EDTA buffer, pH 7.8) (43 cm) at 300 V for 1.5 hr and exposed to X-ray film. Bands were extracted and reamplified (using the same PCR conditions as in the preamplification reaction for TMD), cloned, and sequenced.
Methylation status of individual LTRs: Undigested genomic DNA or DNA digested with either HpaII or MspI served as template for PCR using one primer derived from flanking sequence and the other primer derived from Dasheng LTR sequence. Primers were designed to amplify fragments that contained CCGG sites only in the LTR and not in the flanking sequence. PCR products were visualized under UV light following electrophoresis through 1.7% agarose gels containing ethidium bromide. Using this procedure a positive PCR product from DNA digested with HpaII or MspI indicates that the LTR is methylated. Primer sequences are available upon request.
RNA analysis: Total RNA was extracted from leaves and roots using Trizol Reagent (Invitrogen, Carlsbad, CA) (Chomczynski 1993) . First strand cDNA synthesis was carried out as previously described (Sambrook et al. 1989) . RT-PCR were carried out as previously described (Kashkush et al. 2002 (Kashkush et al. , 2003 . A sense gene-specific oligonucleotide was used for the synthesis of the first strand cDNA. This primer can anneal only to an antisense transcript. The resulting cDNA was then used as template for the RT-PCR reaction using the same conditions as previously described by Kashkush et al. (2003) . RACE reactions were carried out according to the manufacturer's instructions using the SMART RACE cDNA amplification kit (Clontech, Mountain View, CA). Primer sequences are available upon request.
Computer-assisted analysis: Annotation of sequences flanking LTRs: Annotation was done using the BLAST package 2.0 from the NCBI (http:/ /www.ncbi.nlm.nih.gov/BLAST/), Institute for Genomic Research (http:/ /tigrblast.tigr.org/tgi/) and Knowledge-based Oryza Molecular Biology Encyclopedia (http:/ / cdna01.dna.affrc.go.jp/cDNA/).
Promoter prediction: Public promoter prediction program NNPP version 2.2 (http:/ /www.fruitfly.org/seq_tools/promoter. html) was used to analyze a consensus Dasheng LTR sequence generated from 20 LTRs of full-length Dasheng elements by BioEdit Sequence Alignment Editor software (http:/ /www.mbio. ncsu.edu/BioEdit/bioedit.html).
RESULTS
Methylation status of chimeric (Dasheng/flanking) sequences in diploid and polyploid rice species: Methylation status of Dasheng loci was investigated by using TMD to detect methylation of chimeric DNA fragments (LTR/host flanking). TMD is a modification of the methylation-sensitive amplified polymorphism (MSAP) and transposon display techniques, which are, in turn, modifications of amplified fragment length polymorphism (AFLP) (Vos et al. 1995; Xiong et al. 1999; Casa et al. 2000; Shaked et al. 2001) . TMD allows one to perform a systematic genomewide analysis of the methylation status of CCGG sites in DNA flanking TEs.
Genomic DNA from leaf tissue was first digested with either HpaII or MspI and the resultant restriction fragments were ligated to adapters and then used as template for PCR using primers designed to amplify Dasheng ends and flanking genomic DNA ( Figure 1A ). The high copy number of Dasheng elements necessitated the addition of two selective bases to the primer complementary to the adapter sequence to reduce the number of bands amplified in each TMD reaction (see materials and methods).
The methylation patterns of chimeric sequences (LTR/host flanking) were determined in six Oryza species (see materials and methods). A gel displaying the products of one TMD adapter primer (of 16 possible primers) is shown in Figure 1B . Each band has at one end Dasheng LTR sequence and, at the other end, an unmethylated HpaII or MspI site in flanking host DNA. A monomorphic band (present in both H and M lanes) in the TMD gel indicates that no methylation was detected at the CCGG site flanking the LTR. A polymorphic band between the H and M lanes indicates the presence of methylation at either internal cytosine (bands present in M lanes only) or at external cytosine (bands present in H lanes only) of the CCGG site flanking the LTR (see materials and methods for more details on the isoschizomers). Use of one TMD primer combination produced 60-80 (with an average of 68.3) clear bands when DNA from each one of the six species was used as template (Table 1) . On average, $38% of the CCGG sites flanking Dasheng LTRs were methylated in leaf ( Table 1 ). Note that the TMD experiments were repeated twice and identical patterns were seen when the same primer combinations were used (supplemental Figure 1 at http://www.genetics. org/supplemental/). a The primer combination used a Dasheng LTR primer (59-TTTAGGTCTCGTGCGCTACC-39) and an adapter primer 1AT (see materials and methods). Bands that were monomorphic (identical in both lanes) were counted only once.
b Bands were considered methylated if they showed polymorphism between the two isoschizomers.
A subset of 39 TMD bands were recovered from the acrylamide gel, reamplified and sequenced. While all contained Dasheng LTR sequences at one end, the other end contained host DNA flanking the LTR and corresponded to noncoding DNA, known genes, or no hits found in rice databases (supplemental Table 1 at http:// www.genetics.org/supplemental/).
To test the methylation status of CCGG sites in the Dasheng LTRs, primers were generated from the DNA sequence flanking each LTR (P1 in Figure 2A ) and used in PCR (undigested genomic DNA or DNA digested with either HpaII or MspI served as template) with a primer generated from the Dasheng LTR sequence upstream of the HpaII and MspI sites (P2 in Figure 2A ). The presence of a band in both the HpaII and MspI lanes indicates that the CCGG sites in the LTR sequence are methylated (because the fragment was not digested, see materials and methods). For example, the LTR in Dash8 (supplemental Table 1 ) is methylated ( Figure  2B ), while the LTR in Dash5, -6, and -7 (supplemental Table 1 ) is unmethylated ( Figure 2B ). For each locus tested, the LTR methylation status was the same as that of the adjacent host sequence.
Tissue-specific Dasheng LTR methylation: It is known that methylation patterns change in a tissue-specific manner (Khodosevich et al. 2004; Okahara et al. 2004; Lavie et al. 2005) and that TE methylation status has been shown to alter the methylation of flanking host sequences during development (Turker 2002; Khodosevich et al. 2004) . To test the methylation status of Dasheng LTRs, a two-step procedure was devised whereby tissue-specific methylation changes were first detected in host sequences flanking Dasheng LTRs and then these particular LTRs were scrutinized for tissue-specific methylation and readout transcription.
Changes in tissue-specific methylation of host sequences flanking Dasheng LTRs was investigated by using TMD to detect methylation of chimeric DNA fragments (LTR/host flanking) in leaves vs. roots. An example of a gel displaying the products of one TMD adapter primer is shown in Figure 3 . Each band has at one end Dasheng LTR sequence and, at the other end, an unmethylated HpaII or MspI site in flanking host DNA. If, for example, a site is methylated in leaves and not in roots, the TMD gel will have a band in the roots (R) lane but not in the leaves (L) lane. Use of 4 of the 16 possible TMD primer combinations (see materials and methods) led to the detection of 220 and 152 bands, respectively, when japonica or indica genomic DNA was used as template. Of these 372 bands, 78 (42 in japonica and 36 in indica) were tissue-specific (a band is present only in leaves or in roots, see arrows in Figure 3) .
A subset of 34 of these tissue-specific bands was chosen at random, recovered from the gel, reamplified, and sequenced (Table 2) . While all contained Dasheng LTR sequences at one end, the other end contained host DNA (with $100% identity in sequence alignment) flanking the LTR and corresponded to (1) ESTs and predicted genes (15 fragments), (2) TEs (4 fragments), (3) genomic DNA fragments with no similarity to ESTs or predicted genes (2 fragments), and (4) sequences with no hits in the database (13 fragments) ( Table 2) . Some of the bands were detected in only one of the two subspecies (ND in Table 2 ), in part due to polymor- (B) PCR analysis (using primers P2 and P1) of LTR methylation in leaves using undigested genomic DNA or DNA digested with either HpaII or MspI as template. Dash8 pattern was used as a control for the digestion quality because the same DNA templates (Oryza sativa, see supplemental Table 1 at http:/ /www.genetics.org/supplemental/) were used for Dash5, -6, -7, and -8. For a negative control, H 2 O was used as a template in PCR reaction using primers P1 and P2. phism in Dasheng insertion sites in japonica vs. indica. An example of this is the HAK4 gene (Dash14) where Dasheng has inserted adjacent to HAK4 in japonica but not in indica as was seen after comparing the two sequence drafts of the two subspecies. The TMD bands with no hits in the rice databases were detected in the japonica and/or indica genomes by PCR amplification (supplemental Figure 2 at http://www.genetics.org/ supplemental/) thus confirming that they are unsequenced genomic regions and not experimental artifacts.
To test the methylation status of CCGG sites in the Dasheng LTRs that are adjacent to the 15 ESTs and predicted genes, primers were generated from the DNA sequence flanking each LTR (P1 in Figure 4A ) and used in PCR (undigested genomic DNA or DNA digested with either HpaII or MspI served as template) with a primer generated from the Dasheng LTR sequence upstream of the HpaII and MspI sites (P2 in Figure  4A ). The presence of a band in both the HpaII and MspI lanes indicates that the CCGG sites in the LTR sequence are methylated (because the fragment was not digested, see materials and methods). For example, the LTR in Dash11 (LTR/CRY1b) is methylated in leaves and unmethylated in roots in both japonica ( Figure 4B ) and indica (data not shown), while the LTR adjacent to HAK4 (Dash14) is methylated in roots but not in japonica leaves ( Figure 4B ). The HAK4 gene is unmethylated in both leaves and roots of indica (supplemental Figure 3 at http://www.genetics.org/supplemental/), where no Dasheng insertion close to the gene was identified.
Expression analysis of flanking rice genes: To test whether the methylation status of Dasheng LTRs is associated with the expression of adjacent genes, we identified Dasheng elements located near or into genes using the publicly available rice sequence draft. Over 100 of the sequence-flanked Dasheng elements were annotated as genes (supplemental Table 2 at http:// www.genetics.org/supplemental/). Flanking genes represent a broad spectrum of functional classes including products potentially involved in metabolism, disease resistance, and cell cycle regulation (Table 3) . About half of these insertions were downstream of genes, 30% were upstream, and 20% were in introns. Eleven loci from the computer output of genomic insertion sites were selected for further analysis.
The methylation status of each LTR and the chimeric transcription (LTR/flanking) were determined. Transcripts were detected in the tissue where the LTRs were shown to be unmethylated. For example, the LTR in Dash11 (LTR/CRY1b), which is unmethylated in roots and methylated in leaves (Table 2, Figure 4B ), is transcribed in roots but not in leaves ( Figure 4C ). Similarly, for Dash14 (LTR/HAK4) transcripts were detected in the tissue where the adjacent LTR is unmethylated (Table 2, Figure 4 , B and C). The methylation status and chimeric transcripts in leaves vs. roots of each LTR are presented in Figure 5 (middle). The chimeric transcripts were initiated from the LTR as seen by 59-RACE analysis (data not shown) for cases 4, 10, and 11 (see Figure 5 ). In addition, transcripts from flanking genes were analyzed by RT-PCR (qualitatively, presence or absence of a sense transcript, after 35 PCR cycles) using gene-specific primers in conjunction with cDNA synthesized from RNA isolated from the leaves (L) and roots (R) of japonica and indica rice (Figure 5, right) .
A consistent picture emerges from these data regarding the presence or absence of an LTR and its methylation status and the presence or absence of chimeric transcripts and flanking gene transcripts. For example, in both subspecies transcription of the rRNA methylase gene in the leaves and roots correlated with the absence of transcriptional readout from the methylated LTR in the intron. Similarly, a polymorphic LTR insertion that is methylated has no obvious impact on flanking gene expression ( Figure 5 , case 2). In these two cases, and perhaps in many others, the presence of a methylated LTR has no apparent impact on flanking gene expression. In contrast, for 9 of the 11 loci ana- and roots (R). Autoradiograph of transposon methylation display using P and the adapter primer 1(TT) (see Figure 1A) . The arrows indicate sites that show tissue-specific methylation. A standard AFLP ½primers reaction (using MseI and EcoRI restriction enzymes was used for DNA quality control in leaves and roots (Vos et al. 1995). lyzed, tissue-specific methylation correlates with tissuespecific readout transcription and with tissue-specific expression of the flanking gene ( Figure 5, cases 3-11) . For example, detection of CRY1b transcripts in leaves but not in roots of both subspecies correlates with methylation of the intronic LTR in leaves and the detection of readout transcripts only in roots. Reduced tissue-specific methylation correlates inversely with expression of adjacent genes. Note that the absence of flanking gene transcripts in roots or leaves of japonica or indica was not due to cytosine methylation of the gene (supplemental Figure 4 at http://www.genetics.org/supplemental/).
Subspecies-specific patterns of gene expression were observed, as expected, for several polymorphic insertions. In three instances ( Figure 5 , cases 8, 9, and 11), rice gene transcripts were detected in leaves and roots in the subspecies without the insertion. However, in the subspecies with the insertion, flanking gene transcripts were only detected in the tissue where the LTR was methylated. For example, HAK4 transcripts were found in leaves and roots of indica rice which lacks the HAK4 insertion ( Figure 5 , case 11), but HAK4 transcripts were not detected in japonica leaves where the unmethylated Dasheng LTR in the 39-UTR promotes readout transcription. In addition, in five instances ( Figure 5 , cases 3-7), subspecies differences in the expression of flanking genes were not due to polymorphic insertions but to subspecies-specific LTR methylation. For 
a j, i, Dasheng inserted in both subspecies; j or i, Dasheng inserted in japonica or in indica. ND, could not be detected because the sequence is not available in one of the sequence drafts (see text).
b (À), unmethylated site; (1), methylated site. ND, not detected in one of the two subspecies. c No significant sequence hits in databases at e-value , e
À10
. example, while Dasheng is located in the 39-UTR of a gene encoding phosphoenolpyruvate in both japonica and indica ( Figure 5 , case 3), the 39 LTR only promotes readout transcription in indica roots where the LTR is unmethylated. Antisense transcription detection: From Figure 5 it can be seen that genes showing tissue-specific expression were in opposite orientation relative to LTR readout transcription. The consistency of this result suggests that the inability to detect flanking gene transcripts was due to the formation of dsRNA between the readout and the gene transcript and the subsequent degradation of gene transcripts. This possibility was explored by analyzing three representative genes that showed tissuespecific expression ( Figure 5 , cases 3, 10, and 11). Antisense strands were detected for each gene by RT-PCR using sense primers to synthesize antisense cDNA from leaves (L) and roots (R) of japonica and indica ( Figure  6 ). In all three cases, the antisense transcripts were detected in the tissue where sense transcripts from that gene were not detected.
DISCUSSION
In this study, we pinpointed methylated LTRs and detected tissue-specific LTR methylation, and then we tested the impact of readout transcription from unmethylated LTRs on the expression of adjacent genes. Dasheng was the focus of this study because of its young age, high copy number, and the high level of polymorphism among Oryza species ( Jiang et al. 2002b) . Dasheng elements are classified as nonautonomous LTR retrotransposons because they do not encode any of the proteins necessary for retrotransposition ( Jiang et al. 2002b) . The transposition intermediate for both autonomous and nonautonomous LTR retrotransposons is a transcript that initiates from a promoter in the 59 LTR and terminates in the 39 LTR. Note that if active, the promoter in the 39 LTR (or in a solo LTR) could initiate transcription into flanking host DNA. A promoter in the Dasheng LTR was predicted with a high degree of certainty by employing a consensus Dasheng LTR as the input sequence for a promoter identification program (supplemental Figure 5 at http://www.genetics.org/ supplemental/). We hypothesized that unmethylated LTRs adjacent to host genes might impact host gene expression. We searched for and found evidence of Dasheng LTR-promoted transcripts among the rice ESTs and full-length cDNA collections (our unpublished data). The EST and cDNA libraries from which the Dasheng transcripts were identified were prepared from tissues of rice plants grown in normal conditions, suggesting that Dasheng LTRs do not need stress conditions to be transcribed. Several studies show that LTRs of retroelements in both human and plant genomes have retained their promoter activity (Domansky et al. 2000; Kashkush et al. 2003; Druker et al. 2004; Mack et al. 2004; Okahara et al. 2004; Steinhoff and Schulz 2004; Lavie et al. 2005) . Promoters of HERVs LTRs were shown to be activated in various human tissues during development, and that this promoter activity is correlated with the LTR methylation (Okahara et al. 2004; Lavie et al. 2005) .
Dasheng methylation: The methylation patterns of Dasheng LTRs and flanking host sequences were undertaken using a novel technique called TMD. The technique permits the analysis of hundreds of TE loci in an unbiased manner in a relatively short period of time and requires small amounts of DNA. Band recovery from the TMD gel is almost possible for all visible bands. The technique can easily be applied to any mulicopy TE family including TEs in organisms with limited genomic sequence information. One limitation is that DNA methylation might vary from cell to cell in the same tissue and can cause the production of different band intensities between different tissues in TMD gel because TMD is a PCR-based technique. Hence, our analysis was done in a qualitative manner (polymorphic vs. monomorphic bands). Here, TMD was successfully applied in leaves of various Oryza species to determine the methylation status of chimeric sequences (Dasheng/flanking) (Figure 1) . We show that Dasheng methylation can change during plant development because part of the LTRs was tissue specific (see Figures 3 and 4) . (B) PCR analysis (using primers P2 and P1) of LTR methylation in leaves (L) and roots (R) using undigested genomic DNA or DNA digested with either HpaII or MspI as template. The presence of a band in both the HpaII and MspI lanes indicates that the CCGG sites in the LTR sequence are methylated (because the fragment was not digested, see materials and methods). (C) RT-PCR analysis of chimeric transcripts in leaves and roots of japonica using a primer from the LTR (P3) and a second primer derived from the flanking sequence (P1). LR* is a negative control (RNA templates treated with RNase) and actin was used as a control for RNA quality. Impact of Dasheng insertion on gene expression: This study provides several instances of correlation between tissue-specific LTR methylation and tissue-specific expression of adjacent genes ( Figure 5 ). Although this work is based on correlative data, it suggests that tissue-specific expression of some rice genes might be regulated by adjacent TEs. Alteration of gene expression as a result of the outward promoter activity of adjacent TE elements was reported in mouse for the insertion of intracisternal A-particle (IAP) elements in the A (agouti) locus (Michaud et al. 1994) and in Drosophila for the insertion of Foldback-like transposon Kepler in the CG13617 locus (Puig et al. 2004) . Changes in host gene expression during development as a result of readout transcription from an adjacent TE was first reported for the mutant hcf106 allele, which contains an insertion of the Mutator element near the start of transcription (Martienssen et al. 1990) . Correlation between transposon readout activity (via methylation-demethylation) and gene expression was never shown on a genomewide scale. The genomewide readout transcription activity that was reported for Wis2-1A in newly synthesized allotetraploid wheat (Kashkush et al. 2003 ) is potentially associated with methylation alteration of the element because methylation patterns of DNA sequences including TEs were shown to alter as a result of polyploidization (Shaked et al. 2001; Madlung et al. 2002) .
Subspecies-specific expression: The availability of sequencing drafts for japonica and indica allowed for the analysis of polymorphic insertion sites and for how this phenomenon contributed to gene expression differences. Subspecies-specific expression was observed for 8 of the 11 genes tested ( Figure 5 ). The source of the subspecies-specific expression was correlated with (1) polymorphic insertions of Dasheng, where the readout transcript from an unmethylated LTR in japonica or in indica correlated with the expression of the gene in a tissue-specific manner ( Figure 5 , cases 8, 9, and 11), and (2) subspecies-specific LTR methylation ( Figure 5 , cases 3-7). Our data suggest that TEs can be responsible in part for the gene expression differences between subspecies and because of this they increase the diversity between different subspecies.
In summary, the increasing availability of genomic sequences has permitted a better understanding of the relationship between hosts and their TEs. In this study, we focused on the impact of one young retrotransposon family that was recently amplified in the rice genome to reach $1000 copies. Here, we showed that this family itself has the potential to impact the expression of hundreds of rice genes. Availability of methylation-defective mutants in rice will be very useful to better understand the role of TEs on host gene regulation and to better understand the epigenetic regulation of TEs. Another question that can be addressed in future studies is the association, if any, between changes in gene expression caused by the readout transcripts from Dasheng and phenotype. Our study highlights some of the possible evolutionary roles of TEs on regulation of host genes during development and TEs contribution to the diversity in gene expression in natural populations as a major source of genetic variation.
